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The spatiotemporal architecture of inflorescences
that bear flowers determines plant reproductive
success by affecting fruit set and plant interaction
with pollinators. The inflorescence architecture that
displays great diversity across flowering plants
depends on developmental decisions at inflores-
cence meristems. Here we report a key conserved
genetic pathway determining inflorescence architec-
ture in Arabidopsis thaliana andOryza sativa (rice). In
Arabidopsis, four MADS-box genes, SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS 1, SHORT
VEGETATIVE PHASE, AGAMOUS-LIKE 24, and
SEPALLATA 4 act redundantly and directly to
suppress TERMINAL FLOWER1 (TFL1) in emerging
floral meristems. This is indispensable for the well-
known function of APETALA1 in specifying floral
meristems and is coupled with a conformational
change in chromosome looping at the TFL1 locus.
Similarly, we demonstrate that the orthologs of these
MADS-box genes in rice determine panicle branch-
ing by regulating TFL1-like genes. Our findings reveal
a conserved regulatory pathway that determines
inflorescence architecture in flowering plants.
INTRODUCTION
The inflorescence architecture that displays the three-dimen-
sional arrangement of flowers plays a key role in affecting the
fruit set and the competitive strength of plants in their interac-
tions with biotic or abiotic factors, such as pollinators and wind
(Evers et al., 2011; Iwata et al., 2012;Wyatt, 1982). After the floral
transition, the main inflorescence meristem either switches to
acquire a floral meristem identity or remains undetermined to
produce lateral meristems, which further iterate the pattern of
the main inflorescence meristem (Benlloch et al., 2007; Bradley
et al., 1997; Prusinkiewicz et al., 2007; Thompson and Hake,
2009; Wang and Li, 2008). Therefore, the inflorescence branch-
ing pattern largely depends on developmental decisions in the612 Developmental Cell 24, 612–622, March 25, 2013 ª2013 Elsevierinflorescence meristems of various orders as they relate to
the balance between maintenance of indeterminacy and acqui-
sition of floral meristem identity. Different iterative patterns
of developmental decisions at inflorescence meristems result
in three inflorescence types observed in nature, which are
racemes, panicles, and cymes (Benlloch et al., 2007; Prusinkie-
wicz et al., 2007).
The model dicot plant, Arabidopsis thaliana, develops the
raceme-type inflorescence, which comprises a main shoot
apical meristem that grows indefinitely and produces either
flowers or lateral axes that reiterate the pattern of themain apical
meristem. Previous studies on the inflorescence architecture of
Arabidopsis have suggested that an antagonistic interaction
between the shoot identity gene TERMINAL FLOWER1 (TFL1)
and floral meristem identity genes, such as APETALA1 (AP1)
and LEAFY (LFY), regulates the pattern of inflorescence branch-
ing (Bradley et al., 1997; Liljegren et al., 1999; Ratcliffe et al.,
1999). The dominant activity of AP1 and LFY over TFL1 deter-
mines the establishment of floral meristems derived from the
inflorescence meristem, whereas the dominant TFL1 activity
prevents the meristems from assuming the floral identity and
accounts for indeterminate growth of the inflorescence shoot.
Consistently, AP1 and LFY are upregulated in emerging floral
meristems, while TFL1 is only expressed in the center of the
main and lateral inflorescence meristems (Ratcliffe et al., 1998,
1999). In tfl1 mutants, AP1 and LFY become ectopically ex-
pressed in the inflorescence meristem (Bowman et al., 1993;
Bradley et al., 1997), while upregulation of AP1 and LFY during
the transition from vegetative to reproductive development is
delayed in 35S:TFL1 (Ratcliffe et al., 1998). These observations
indicate that TFL1 plays a role in counteracting AP1 and LFY
expression. Conversely, several pieces of molecular genetic
evidence suggest that AP1 and LFY repress TFL1 expression
in floral meristems (Ferra´ndiz et al., 2000; Liljegren et al.,
1999; Parcy et al., 2002; Ratcliffe et al., 1999). Both AP1 and
LFY bind to the TFL1 locus, implying that they may directly
suppress TFL1 expression (Kaufmann et al., 2010; Moyroud
et al., 2011; Winter et al., 2011). In addition, two AP1 homologs,
CAULIFLOWER (CAL) and FRUITFULL (FUL), share redundant
function with AP1 to repress TFL1 as evident from the pheno-
types of ap1 cal ful triple mutants in which TFL1 contributes to
the conversion of floral meristems into inflorescence shoots
(Ferra´ndiz et al., 2000).Inc.
Figure 1. SOC1, AGL24, SVP, and SEP4 Play Redundant Roles in
Regulating Inflorescence Branching in Arabidopsis
(A–C) Comparison of the inflorescence architecture among a wild-type plant
(A), a soc1-2 agl24-3 svp-41 triple mutant (B), and a soc1-2 agl24-3 svp-41
sep4-1 quadruple mutant (C). Many tertiary branches are further produced
from secondary branches as shown in the inset in (C). Secondary shoots
growing in various directions in the quadruple mutant were taped down for
better illustration.
(D) Floral structures produced at the apical region of the main inflorescence of
soc1-2 agl24-3 svp-41 sep4-1 are transformed into shoots.
(E) Analysis of inflorescence branching patterns of single, double, triple, and
quadruple mutants of all combinations among soc1-2, svp-41, agl24-3, and
sep4-1. While the quadruple mutants show a significant amount of secondary
shoots, the number of secondary shoots in other mutants is directly correlated
with the time to flowering measured by the number of rosette leaves. The red
and blue dots highlight the phenotypes of wild-type (WT) and quadruple
mutant plants, respectively. Values are mean ± SD.
See also Figure S1.
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develop the panicle-type inflorescences in which a main shoot
apical meristem and its lateral branches all terminate in flowers.
Although some genes playing roles in regulating panicle branch-
ing patterns have been identified in the model monocot plant,
Oryza sativa (rice) (Wang and Li, 2011), whether the molecular
mechanisms underlying different types of inflorescence archi-
tecture inArabidopsis and rice are conserved is largely unknown.
The great functional divergence of AP1 and LFY between Arabi-
dopsis and rice has been revealed by recent studies. Unlike their
counterparts in Arabidopsis, AP1-like genes in rice are involved
in specifying inflorescence meristems rather than floral meri-
stems, whereas LFY-like genes suppress the transition from
inflorescence meristems to floral meristems (Ikeda-Kawakatsu
et al., 2012; Kobayashi et al., 2012). However, the function of
TFL1 seems to be conserved as transgenic rice plants ectopi-
cally expressing TFL1 orthologs displaymassive panicle branch-
ing (Nakagawa et al., 2002). Therefore, how TFL1-like genes are
regulated to determine various types of inflorescence architec-
ture across flowering plants remains an intriguing question.
Here we report that four MADS-box transcription factors,
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1), SHORT VEGETATIVE PHASE (SVP), AGAMOUS-LIKE
24 (AGL24), and SEPALLATA 4 (SEP4) act redundantly to regu-
late inflorescence architecture by directly suppressing TFL1 in
emerging floral meristems in Arabidopsis. This regulatory mech-
anism is indispensable for the well-known function of AP1 in
specifying floral meristems and is coupled with a conformational
change in chromosome looping at the TFL1 locus. We also show
that rice orthologs of SOC1, SVP, AGL24, and SEP4 also deter-
mine panicle branching through regulating TFL1-like genes in
rice. Therefore, our results reveal the existence of a conserved
genetic pathway that determines inflorescence architecture in
flowering plants.
RESULTS
SOC1, AGL24, SVP, and SEP4 Redundantly Control
Inflorescence Branching
Our previous studies have uncovered that SOC1, SVP, and
AGL24 regulate floral meristem differentiation in Arabidopsis
through suppressing a class E floral organ identity gene,
SEPALLATA 3 (SEP3) (Liu et al., 2009). SEP3 is ectopically ex-
pressed in the floral meristems of soc1-2 agl24-1 svp-41 and is
responsible for the resultant floral defects (Liu et al., 2009). We
further examined the effect of other SEP genes and found that
the floral defects of soc1-2 agl24-3 svp-41 were largely sup-
pressed by sep3-2 alone (Figures 1A–1D; Figures S1A–S1D
available online), although other SEP genes were also ectopi-
cally expressed throughout inflorescence meristems of soc1-2
agl24-3 svp-41 (Figure S1E; Figure 3G). However, the most
surprising result from the above studies was the massive inflo-
rescence branching observed in the quadruple mutant soc1-2
agl24-3 svp-41 sep4-1, in which the commitment of lateral meri-
stems to the floral fate was significantly suppressed so that the
main inflorescence shoot apical meristem continuously gener-
ated secondary and tertiary vegetative shoots (Figures 1A–1C).
In this mutant, floral structures at the apical region of the main
or lateral inflorescences were mostly infertile as they were trans-Develoformed into vegetative shoots (Figure 1D). These phenotypes
were not found in any other combination among soc1-2,
agl24-3, svp-41, and sep4-1 (Figure 1E), suggesting that the
four MADS-box genes redundantly determine the specification
of floral identity in lateral meristems.
Consistent with the conversion of lateral meristems into shoot
meristems in the quadruple mutant, precocious expression of
floral homeotic genes in lateral meristems, as observed in
soc1-2 agl24-3 svp-41 (Liu et al., 2009), was undetectable in
soc1-2 agl24-3 svp-41 sep4-1 (Figure S1F). Notably, the inflores-
cence branching phenotype exhibited by soc1-2 agl24-3 svp-41
sep4-1 was not affected by SEP3, although SEP3 remained
ectopically expressed throughout the inflorescence apex of
soc1-2 agl24-3 svp-41 sep4-1 (Figures S1G–S1K). Taken
together, these results suggest that SOC1, SVP, AGL24, andpmental Cell 24, 612–622, March 25, 2013 ª2013 Elsevier Inc. 613
Figure 2. Ectopic Expression of TFL1 Contributes to Substantial
Inflorescence Branching in soc1-2 agl24-3 svp-41 sep4-1
(A) In situ localization of AP1, LFY, and TFL1 in main inflorescence apices of
WT and quadruple mutant plants 1 week after bolting. Serial sections of the
quadruple mutants are shown to reveal the stage of lateral meristems. Black
and white arrowheads indicate lateral meristems and cryptic bracts, respec-
tively. Arrows indicate lateral meristem anlagen. Lateral meristems that are
roughly equivalent to stage 1 floral meristems are labeled. Scale bar, 100 mm.
(B) In situ localization of TFL1 in serial sections of a developing lateral meristem
(secondary branch) of a quadruple mutant showing ectopic TFL1 expression in
the lateral meristem (asterisk) and the adjacent emerging lateral meristems
(tertiary branches; arrowheads). Scale bar, 50 mm.
(C) Comparison of the inflorescence architecture between soc1-2 agl24-3 svp-
41 sep4-1 tfl1-1 and tfl1-1. Main inflorescence apices of both genotypes
terminate with compound flowers.
(D) Close examination of the inflorescence apex of soc1-2 agl24-3 svp-41
sep4-1 tfl1-1.
(E) In situ localization of LFY in main inflorescence apices of soc1-2 agl24-3
svp-41 sep4-1 tfl1-1 and soc1-2 agl24-3 svp-41 sep4-1. Asterisks and
arrowheads indicate main inflorescence meristems and lateral meristems
roughly equivalent to stage 2 floral meristems, respectively. Scale bar, 100 mm.
See also Figure S2.
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of lateral meristems independently of SEP3 activity.
Derepressed TFL1 in soc1-2 agl24-3 svp-41 sep4-1
Causes Massive Inflorescence Branching
Enhanced inflorescence branching has been found in both lfy
ap1 and 35S:TFL1 plants (Ratcliffe et al., 1998; Weigel et al.,
1992). In addition, several studies have demonstrated that AP1
and LFY antagonize TFL1 to regulate the fate of lateral meristems
at the inflorescence apex in Arabidopsis (Bradley et al., 1997;
Liljegren et al., 1999; Ratcliffe et al., 1999). These findings
prompted us to examine whether these genes are involved in
regulating the inflorescence architecture of soc1-2 agl24-3
svp-41 sep4-1. In wild-type plants,AP1 and LFYwere expressed
in lateral meristems when they commit to a floral fate, whereas
TFL1was only expressed in the center of the inflorescence meri-
stem (Figure 2A). However, in soc1-2 agl24-3 svp-41 sep4-1,
TFL1 was expressed ectopically in the lateral meristem anlagen,
and its expression increased and was persistent in lateral meri-
stems at later stages and even in lateral meristems of higher
order (Figures 2A and 2B). In contrast, AP1 and LFY were
normally expressed in lateral meristem anlagen but quickly
suppressed in stage 1 lateral meristems (Figure 2A). These
observations indicate that TFL1might be an immediate regulator
responsible for the inflorescence branching phenotype of soc1-2
agl24-3 svp-41 sep4-1. Indeed, massive inflorescence branch-
ing of soc1-2 agl24-3 svp-41 sep4-1was completely suppressed
by tfl1-1 (Figure 2C). As a result, flower development in soc1-2
agl24-3 svp-41 sep4-1 tfl1-1 was restored (Figure 2D) with recu-
perated expression of LFY in developing floral meristems (Fig-
ure 2E). These data suggest that SOC1, AGL24, SVP, and
SEP4 regulate inflorescence branching mainly through sup-
pressing TFL1, which in turn affects LFY and AP1 expression.
SOC1, AGL24, SVP, or SEP4 Specifically Suppresses
TFL1 in Emerging Floral Meristems
Although soc1-2 agl24-3 svp-41 sep4-1 developed massive
inflorescence branching as 35S:TFL1 (Ratcliffe et al., 1998), it ex-
hibited similar flowering time to wild-type plants (Figures 1E and
3A), implying that the genetic interaction determining inflores-
cence architecture of the quadruple mutant occurs after the
floral transition. This was confirmed by quantitative PCR results
showing that TFL1 expression was only obviously upregulated in
19-day-old soc1-2 agl24-3 svp-41 sep4-1 plants at the repro-
ductive phase (Figure 3B). In situ hybridization further revealed
that TFL1 expression was strongly detectable in emerging lateral
meristems of the bolting inflorescence apex of soc1-2 agl24-3
svp-41 sep4-1 but disappeared in comparable structures that
developed into floral meristems in wild-type plants (Figure 3C).
These results demonstrate that TFL1 is specifically regulated
by the four MADS-box genes in emerging floral meristems.
Because TFL1 was not ectopically expressed in lateral (floral)
meristems of any other triple mutant derived from soc1-2,
agl24-3, svp-41, and sep4-1 (Figure S2), SOC1, SVP, AGL24,
and SEP4 should be redundantly required for suppressing
TFL1. In other words, when any three are nonfunctional, the
fourth must be active in lateral meristems. To verify this possi-
bility, we created gSOC1-GFP and gAGL24-GFP constructs in
which the green fluorescent protein (GFP) gene was fused with614 Developmental Cell 24, 612–622, March 25, 2013 ª2013 Elsevierthe SOC1 and AGL24 genomic fragments, respectively. These
constructs fully rescued the inflorescence branching phenotype
of soc1-2 agl24-3 svp-41 sep4-1, indicating that SOC1-GFP
and AGL24-GFP are biologically functional. Confocal analysis
revealed that in soc1-2 agl24-3 svp-41 sep4-1 gSOC1-GFP,
SOC1-GFPwas transiently expressed in stage 1 floral meristemsInc.
Figure 3. SOC1, AGL24, SVP, or SEP4 Specifically Suppresses TFL1 in Emerging Floral Meristems
(A) soc1-2 agl24-3 svp-41 sep4-1 mutants exhibit similar bolting time to WT plants, but develop massive inflorescence branching.
(B) Time-course expression of TFL1 inWT and soc1-2 agl24-3 svp-41 sep4-1 plants collected at different days (D) after germination. Expression levels determined
by quantitative real-time PCR were normalized to TUB2. Error bars, SD.
(C) Comparison of TFL1 expression in main shoot apices of WT and quadruple mutant plants during the vegetative (7D), floral transition (14D), and inflorescence
bolting (17D) phases. In both genotypes, TFL1 is consistently expressed in the center of shoot meristems during different phases and also in axillary shoot
meristem anlagen (arrows) during the floral transition (14D). However, in the bolting inflorescence apices at 17D, TFL1 is not detectable in WT floral meristems
(arrowheads), but expressed ectopically in comparable lateral meristems (arrowheads) of soc1-2 agl24-3 svp-41 sep4-1. Scale bar, 100 mm.
(D and E) Confocal analysis of SOC1-GFP expression in soc1-2 agl24-3 svp-41 sep4-1 gSOC1-GFP (D) and AGL24-GFP expression in soc1-2 agl24-3 svp-41
sep4-1 gAGL24-GFP (E). Upper and lower panels in (D) and (E) show inflorescence apiceswith floral meristems at different stages. Left panels, GFP fluorescence;
Middle panels, bright field; Right panels, merge of GFP and bright field. Scale bars, 100 mm.
(F) SVP is similarly expressed in young floral meristems of WT and soc1-2 agl24-3 sep4-1 inflorescence apices. Scale bar, 100 mm.
(G) SEP4 is expressed ectopically in the whole inflorescence meristem including an anlage (arrow) and a stage 1 floral meristem of soc1-2 agl24-3 svp-41.
Scale bar, 100 mm.
Numbers and asterisks in (D–G) indicate floral stages (Smyth et al., 1990) and inflorescence meristems, respectively.
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in floral meristems afterward (Figure 3D). AGL24-GFP exhibited
a similar expression pattern in emerging floral meristems of
soc1-2 agl24-3 svp-41 sep4-1 gAGL24-GFP (Figure 3E). Further-
more, in situ hybridization showed that SVP was expressed in
both stage 1 and 2 floral meristems of soc1-2 agl24-3 sep4-1
(Figure 3F), while SEP4 was expressed ectopically in the whole
inflorescence apex including floral anlagen and stage 1 floral
meristems of soc1-2 agl24-3 svp-41 (Figure 3G) (Ditta et al.,Develo2004). These results confirm that SOC1, SVP, AGL24, or SEP4
is active in emerging floral meristems for repressing TFL1
when the other three genes are nonfunctional.
SOC1, AGL24, SVP, and SEP4 Interact with AP1 and
Directly Repress TFL1
In Arabidopsis, both AP1 and its close homolog,CAULIFLOWER
(CAL), are expressed and required to inhibit TFL1 in young floral
meristems (Bowman et al., 1993; Kempin et al., 1995; Mandelpmental Cell 24, 612–622, March 25, 2013 ª2013 Elsevier Inc. 615
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been found to interact with SOC1, AGL24, SVP, and SEP4 in
yeast cells (de Folter et al., 2005). These observations prompted
us to hypothesize the in vivo interaction among theseMADS-box
proteins in floral meristems. Bimolecular fluorescent comple-
mentation (BiFC) assays revealed the interaction between AP1
or CAL and SOC1, SVP, AGL24, or SEP4 in plant cells (Fig-
ure S3A). To verify whether such interactions happen in vivo in
Arabidopsis, we created a functional ap1-1 gAP1-2HA trans-
genic line in which ap1-1 floral phenotypes were largely rescued
by a genomic AP1 fragment fused with 2HA (Figure 4A). Coim-
munoprecipitation analyses of ap1-1 gAP1-2HA showed that
AP1:2HA proteins were specifically pulled down by the anti-
bodies against SOC1 (Tao et al., 2012), AGL24 (Liu et al.,
2009), SVP (Shen et al., 2011), and SEP4 (Figure S3B), respec-
tively (Figure 4B; Figure S3C). These results indicate that
SOC1, AGL24, SVP, and SEP4 repress TFL1 probably through
their in vivo interaction with AP1 or CAL. However, it is note-
worthy that massive inflorescence branching of soc1-2 agl24-3
svp-41 sep4-1 was largely not suppressed by 35S:AP1 (Figures
4C and 4D), suggesting that SOC1, AGL24, SVP, and SEP4 are
indispensable for AP1 to specify floral meristems.
To examine whether SOC1, AGL24, SVP, and SEP4 directly
repress TFL1, we performed chromatin immunoprecipitation
(ChIP) assays on a dexamethasone-inducible AP1-GR system
in an ap1-1 cal-1 background (Wellmer et al., 2006), which
generates a large number of synchronized floral meristems in
response to AP1 activity. Using this system, we found that
TFL1 expression was downregulated by 50% in inflorescence
apices upon AP1 induction after 1 hr of dexamethasone treat-
ment (Figure 4E). ChIP assays revealed that in dexametha-
sone-treated inflorescence apices, SOC1, AGL24, and SVP
bound to the 30 region of the TFL1 locus that overlapped with
the region bound by AP1 (Kaufmann et al., 2010), whereas no
binding was found in mock-treated tissues (Figures 4F–4I),
demonstrating that binding of these proteins to the TFL1 locus
is AP1-dependent. However, SEP4 did not bind to TFL1 in
ap1-1 cal-1 35S:AP1-GR inflorescence apices regardless of
dexamethasone treatment (Figure 4J).
ChIP assays further revealed that in wild-type inflorescence
apices, SVP predominantly bound to the TFL1 locus (Figure 4K),
while in svp-41, SOC1 and AGL24 predominantly bound
to TFL1 (Figure 4L). The revealed binding regions for these
three proteins were identical to those found in dexametha-
sone-treated ap1-1 cal-1 35S:AP1-GR materials. Notably,
SEP4 binding to TFL1 was clearly detected in soc1-2 agl24-3
svp-41 at the similar region bound by SOC1, AGL24, and SVP
at the TFL1 locus (Figure 4M). This result, together with ectopic
SEP4 expression in soc1-2 agl24-3 svp-41 (Figure 3G), suggests
that SEP4 directly suppresses TFL1 only in the absence of
SOC1, AGL24, and SVP. In addition, the observations of SEP4
interaction with AP1 (Figure 4B) and enhanced inflorescence
branching of soc1-2 agl24-3 svp-41 by ap1-11 (Figure S3D)
imply that SEP4 might also suppress TFL1 in an AP1-dependent
manner. Taken together, ChIP analyses of inflorescence apices
from ap1-1 cal-1 35S:AP1-GR wild-type and various mutants
suggest that SVP, SOC1, AGL24, or SEP4 directly bind to
TFL1 in different genetic contexts and in an AP1-dependent
manner.616 Developmental Cell 24, 612–622, March 25, 2013 ª2013 ElsevierSuppression of TFL1 Is Associated with an Unwinding
TFL1 Gene Loop
The observation that SOC1, AGL24, SVP, SEP4, and AP1 all bind
to the same genomic region downstream of TFL1 is consistent
with the result showing that a T-DNA insertion located 1.6 kb
downstream of the TFL1 stop codon causes tfl1 loss-of-function
phenotypes (Figures 4F–4M) (Kaufmann et al., 2010), suggesting
that the 30 distal region of the TFL1 locus plays an essential role in
regulating TFL1 transcription. To this end, we employed chromo-
some conformation capture (3C) assay to examine if gene loop-
ing involving the 30 distal region and the transcription start site is
relevant to the regulation of TFL1 expression. We found that the
interaction between the promoter region close to the TFL1 tran-
scription start site and the 30 region bound by those MADS-box
regulators mainly occurred in mock-treated ap1-1 cal-1 35:AP1-
GR inflorescence apices, but significantly decreased in dexa-
methasone-treated tissues (Figures 5A and 5B; Figure S4). This
was further verified by sequencing data showing the expected
chimeric 3C PCR products (Figure 5C). The 3C result, together
with downregulation of TFL1 by induced AP1 activity (Figure 4E),
indicates that the gene looping at the TFL1 locus is associated
with its transcription, whereas AP1 and any of the recruited
SOC1, AGL24, SVP, or SEP4 bind to the 30 region containing
CArG boxes, resulting in an unwinding gene loop that compro-
mises TFL1 transcription (Figure 5D).
Rice Orthologs of SOC1, SVP, AGL24, and SEP4 Play
a Conserved Role in Regulating Panicle Branching
To understand whether the genetic interaction between MADS-
box genes and TFL1 is conserved for determining inflorescence
architecture in flowering plants, we further examined the role
of their orthologs in panicle development in rice. The panicle
phytomer2-1 (pap2-1) mutant in which a rice ortholog of SEP4,
OsMADS34, is knocked out exhibits increased panicle branch-
ing (Figure 6H) (Kobayashi et al., 2010). We further created
pap2 2247555056R transgenic rice plants in which all rice ortho-
logs of SOC1 (OsMADS50 and OsMADS56) and SVP (or AGL24)
(OsMADS22, OsMADS47, and OsMADS55) were specifically
knocked down by RNA interference (RNAi) in a pap2-1 back-
ground (Figures S5A–S5C). As compared to wild-type and
pap2-1 plants, these transgenic plants showed significantly
enhanced panicle branching with increased secondary and
tertiary branches (Figures 6A–6H), suggesting that the counter-
parts of SOC1, AGL24, SVP, and SEP4 in rice also regulate inflo-
rescence branching.
In addition, as compared to wild-type plants at a similar devel-
opmental stage, the main panicle of pap2 2247555056R trans-
genic rice plants was yellowish and displayed severe growth
retardation of floret development (Figures 6A and 6B). These
phenotypes resembled those exhibited by transgenic rice plants
in which rice TFL1 orthologs, RICE CENTRORADIALIS1 (RCN1)
or RCN2, were overexpressed (Nakagawa et al., 2002; Zhang
et al., 2005). We examined the expression of four riceRCN genes
(Figure S5D) and found that RCN4 was significantly upregulated
in pap2 2247555056R (data not shown). RCN4 expression was
ectopically present in primary branch primordia in pap2 panicles
and increased in intensity and scope in pap2 2247555056R (Fig-
ures 6I–6K). At a later stage of panicle development, RCN4 was
ectopically expressed in the vasculature of pap2 2247555056RInc.
Figure 4. SOC1, AGL24, SVP, and SEP4 Directly Suppress TFL1 in an AP1-Dependent Manner
(A) Rescue of ap1-1 phenotypes by gAP1-2HA.
(B) AP1 interacts in vivo with SOC1, SVP, AGL24, and SEP4. Nuclear proteins extracted from inflorescence apices of ap1-1 gAP1-2HAwere incubated with either
IgG or the antibody (ab) against SOC1, SVP, AGL24, or SEP4. AP1:2HA in the immunoprecipitated fractions was detected by HA antibody.
(C) 35S:AP1 has a minor effect on inflorescence branching of soc1-2 agl24-3 svp-41 sep4-1 quadruple mutants. Error bars, SD.
(D) Massive inflorescence branching of soc1-2 agl24-3 svp-41 sep4-1 35S:AP1.
(E) Time-course expression of TFL1 in ap1-1 cal-1 35S:AP1-GR inflorescence apices mock-treated (Mock) or treated with dexamethasone (Dex). Expression
levels were normalized to TUB2 expression. Error bars, SD.
(F) Schematic diagram of the TFL1 genomic locus. Black and gray boxes represent exons and untranslated regions, respectively. Arrowheads indicate CArG box
motifs. Red boxes depict the regions bound by AP1 as previously reported (Kaufmann et al., 2010). DNA fragments amplified in ChIP assays are numbered
accordingly.
(G–J) ChIP analysis of SOC1 (G), AGL24 (H), SVP (I), and SEP4 (J) binding to the TFL1 promoter in ap1-1 cal-1 35S:AP1-GR. Inflorescence apices were harvested
1 hr after mock or dexamethasone (Dex) treatment for the ChIP assay. Error bars, SD.
(K and L) ChIP analysis of SOC1, AGL24, SVP, and SEP4 binding to the TFL1 promoter in plants with various genetic backgrounds. Inflorescence apices of WT (K)
and svp-41 (L) plants were harvested for the ChIP assay. Error bars, SD.
(M) ChIP analysis of SEP4 binding to the TFL1 promoter in soc1-2 agl24-3 svp-41. Inflorescence apices were harvested for the ChIP assay. Error bars, SD.
See also Figure S3.
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Figure 5. Repression of TFL1 Is Coupled with a Conformational
Change in Its Chromosome Looping
(A) Strategy for mapping juxtaposed regions in chromosome loops at the TFL1
locus. Black and gray boxes represent exons and untranslated regions,
respectively. Arrowheads indicate CArG box motifs. Red bars depict Sau3AI
sites. Blue dots with alphabets depict the positions of primers used for 3C
PCR. Solid and dotted lines represent primer pairs tested with positive and
negative 3C results, respectively. Sequences listed below show Sau3AI sites
(highlighted in red) next to the primers with positive results.
(B) PCR analysis of 3C samples from inflorescence apices of ap1-1 cal-1
35S:AP1-GR mock-treated (Mock) or treated with dexamethasone (Dex) for
1 hr using A+D and B+D primers shown in (A).
(C) Sequencing chromatogram showing 3C PCR products by A+D and B+D
primers. The Sau3AI sites are underlined.
(D) Repression of TFL1 in floral meristems is coupled with a change in chro-
mosome looping. The actively transcribed TFL1 (red segment) contains a gene
loop in which its promoter at the 30 site is brought close to the transcription
start site. A functional protein complex containing AP1 and any of the recruited
four MADS-box proteins (SOC1, AGL24, SVP, and SEP4) (Q) recognizes the
CArG boxes located at the 30 site (green segments) and unwinds the gene loop,
thus repressing TFL1.
(E) Regulatory network under which MADS-box genes act in concert to
suppress TFL1 in floral meristems determines the inflorescence architecture.
In lateral meristems of the WT inflorescence meristem (IM; upper panel),
SOC1, SVP, or AGL24 are indispensable for AP1 to suppress TFL1 to specify
the floral meristem (FM) identity. SEP4 that is otherwise suppressed plays
a redundant role in suppressing TFL1when SOC1,AGL24, and SVP are null. In
lateral meristems of the soc1-2 agl24-3 svp-41 sep4-1 inflorescence meristem
(lower panel), AP1 alone is unable to suppress TFL1, which in turn inhibits AP1
expression and causes the transformation of lateral meristems into inflores-
cence meristems and the resultant massive inflorescence branching.
See also Figure S4.
Figure 6. Rice SOC1-Like and SVP-Like Genes Regulate Panicle
Branching Partly by Repressing RCN4
(A–G) Branching phenotypes of developing panicles fromWT (A, C, and E) and
pap22247555056R transgenic riceplants (B,D, F, andG), inwhichall riceSOC1
andSVP (orAGL24) orthologs are knocked down byRNAi in pap2 background.
Comparison of main panicles (A and B). pap2 2247555056R shows severe
growth retardation of floret development (B). Comparison of primary branches
generated from the main panicles (C and D). The dotted lines in (D) indicate
the position of a secondary branch in pap2 2247555056R shown in (F).
Comparison of secondary branches generated from primary branches
(E and F). A secondary branch of pap2 2247555056R further generates higher-
orderbranches indicatedbyarrowheads in (F),whereasaWTsecondarybranch
does not generate higher-order branches (E). A tertiary branch is generated at
the basal part of a secondary branch of pap2 2247555056R (G). Scale bars
equal 1 cm (A and B); 2.5 mm (C and D); 1 mm (E and F); and 0.25 mm (G).
(H) Number of primary (pb), secondary (sb), and tertiary (tb) branches in main
panicles of WT, pap2, and pap2 2247555056R (pap2+RNAi) plants. Values are
means ± SD.
(I–K) In situ localization of RCN4 in WT (I), pap2 (J), and pap2 2247555056R (K)
at an early stage of panicle development. Scale bars, 100 mm.
(L and M) In situ localization of RCN4 in WT (L) and pap2 2247555056R (M) at
a late stage of panicle development. Arrowheads in (M) indicate signals at the
vascular region. Scale bars, 100 mm.
(N) A transgenic rice plant in which all RCN genes are knocked down shows
a small panicle with reduced branches (right) as compared to a WT plant (left).
Scale bars, 1 cm.
See also Figure S5.
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pap2 2247555056R is correlated with ectopic expression of
RCN4. Consistently, knocking down RCN genes in rice resulted
in much smaller panicles with reduced branches (Figure 6N;618 Developmental Cell 24, 612–622, March 25, 2013 ª2013 Elsevier Inc.
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AGL24, SVP, and SEP4 also regulate inflorescence branching
through suppressing TFL1 orthologs in rice.
DISCUSSION
TFL1 orthologs in various plant species have shown a highly
conserved function in regulating inflorescence architecture
through preventing shoot meristems from differentiating into
floral meristems (Carmona et al., 2007; Danilevskaya et al.,
2010; Nakagawa et al., 2002). Both TFL1 and another floral
pathway integrator FLOWERING LOCUS T (FT) encode the
members of the CETS (CENTRORADIALIS, TFL1, and SELF-
PRUNING) family proteins that exhibit homologywith a phospha-
tidylethanolamine binding protein (PEBP) (Pnueli et al., 2001). It
has been recently suggested that TFL1 functions as a transcrip-
tional repressor through interacting with a bZIP transcription
factor FD and negativelymodulating FD-dependent transcription
of downstream genes that in turn promote floral meristem spec-
ification (Hanano and Goto, 2011).
This study proposes a key genetic pathway inwhich a common
set of MADS-box genes including SOC1, AGL24, SVP, and
SEP4 play redundant roles in specifically suppressing TFL1 in
emerging lateral meristems, thus regulating the overall inflores-
cence architecture of Arabidopsis (Figure 5E). Furthermore, we
show that rice orthologs of SOC1, AGL24, SVP, and SEP4 play
a similar role in regulating panicle branching through suppress-
ing TFL1 orthologs in rice. The presence of a similar genetic
pathway in both Arabidopsis and rice implies that the genetic
interaction between these MADS-box genes and TFL1-like
genes could exist before the diversification of monocots and
dicots, thus likely being a core genetic pathwaymodulating inflo-
rescence architecture across flowering plants. Future studies in
rice and other crops will shed more light on the mechanism of
inflorescence architecture and generate great benefits for crop
breeding.
While acting as the upstream regulators of TFL1, SOC1,
AGL24, SVP, and SEP4 play diverse roles during the transition
from vegetative to reproductive development in Arabidopsis.
Both SOC1 and AGL24 are flowering promoters that integrate
flowering signals from various genetic pathways (Lee et al.,
2000; Liu et al., 2008; Yu et al., 2002), whereas SVP is a flowering
repressor that interacts with another potent flowering repressor,
FLOWERING LOCUS C, to suppress the expression of two floral
pathway integrators, FLOWERING LOCUS T and SOC1 (Hart-
mann et al., 2000; Lee et al., 2007; Li et al., 2008). SEP4 acts
together with other SEP genes to control floral meristem and
organ identity (Ditta et al., 2004). Although these MADS-box
genes have different functions during the floral transition, they
regulate the inflorescence branching pattern of Arabidopsis
through suppressing the common target, TFL1, in emerging
floral meristems. This finding implies that inflorescence architec-
ture, which determines reproductive success, results from
coordinated regulatory events mediated by both positive and
negative regulators that consistently fine-tune the timing of
flowering and the subsequent floral meristem development.
This ensures that plants develop appropriate inflorescence
architecture for timely interaction with biotic or abiotic factors
in response to environmental and developmental floweringDevelosignals. Among these MADS-box proteins involved in suppress-
ing TFL1, SEP4 is a close homolog of SEP3 that has been sug-
gested to act as the ‘‘glue’’ factor to mediate the formation of
various higher-order complexes of MADS-box proteins (Immink
et al., 2009; Smaczniak et al., 2012). SEP4 is widely expressed in
many tissues (Huang et al., 1995), but sep4 loss-of-function
mutants do not exhibit any visible defects (Ditta et al., 2004).
Thus, SEP4 could share functional redundancy with other rele-
vant MADS-box proteins in many developmental processes.
Whether SEP4 affects the assembly of higher-order MADS-box
complexes that regulate various developmental programs is
certainly an interesting topic to be further explored.
Two pieces of evidence strongly suggest that repression of
TFL1 by SOC1, AGL24, SVP, or SEP4 in emerging floral meri-
stems is indispensable for the function of other floral meristem
identity genes, such as AP1 and LFY, in specifying floral meri-
stems. First, although AP1 and LFY are strongly expressed in
the lateral meristem anlagen of soc1-2 agl24-3 svp-41 sep4-1,
they are not sufficient to suppress TFL1 expression in lateral
meristems (Figure 2A). Second, overexpression of AP1 in the
background of soc1-2 agl24-3 svp-41 sep4-1 still causes
massive inflorescence branching (Figures 4C and 4D). These
results demonstrate that SOC1, AGL24, SVP, or SEP4 is
essential for floral meristem specification. On the other hand,
repression of TFL1 by SOC1, AGL24, SVP, or SEP4 in emerging
floral meristems is also dependent on AP1 activity because
binding of SOC1, AGL24, and SVP to the 30 region of the TFL1
locus only occurs in the presence of AP1 activity (Figures
4F–4I). These observations highlight the mutual dependence
between AP1 and SOC1, AGL24, SVP, or SEP4 in suppressing
TFL1 expression in emerging floral meristems, which is substan-
tiated by both the in vivo protein interaction found between them
(Figure 4B) and the similar site at the TFL1 locus bound by all
these MADS-box regulators (Figures 4F–4M) (Kaufmann et al.,
2010).
Notably, 3C assay has revealed that the 30 region bound by
these MADS-box regulators is juxtaposed with the transcription
start site of TFL1 in the ap1-1 cal-1 background, where TFL1 is
ectopically expressed in the inflorescence tissues (Figures 5A
and 5B). This gene loop becomes undetectable along with the
suppression of TFL1 in response to induced AP1 activity (Figures
4E and 5B). These data indicate that such a gene loop could be
required for either activation or maintenance of TFL1 expression,
whereas binding of AP1 and any of the recruited SOC1, AGL24,
SVP, or SEP4 to the 30 region results in an unwinding gene loop
that compromises TFL1 transcription (Figure 5D). Because the
TFL1 locus contains both negative and positive cis-regulatory
elements at the 30 region (Kaufmann et al., 2010), binding of
theseMADS-box repressors to the 30 region could induce spatial
separation of the TFL1 transcription start site from the 30 region
bound not only by these repressors, but also by other unknown
upstream promoters. The latter could contribute to the downre-
gulation of TFL1 coupled with an unwinding gene loop. Although
recent studies have started to shed light on how juxtaposition
between a gene promoter and the distant regulatory elements
coordinates gene expression with various cell activities in
yeast and mammals (Deng et al., 2012; Laine´ et al., 2009), the
mechanisms underlying which DNA juxtaposition occurs to
regulate plant growth and development are still largely unknown.pmental Cell 24, 612–622, March 25, 2013 ª2013 Elsevier Inc. 619
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ated with its expression could be used as a model system to
further explore the molecular basis of gene looping and its
general effect on gene transcription.
While rice orthologs ofSOC1,AGL24,SVP, or SEP4 determine
panicle branching through suppressing TFL1 orthologs in lateral
meristems in rice, whether AP1-like genes in rice participate in
the same developmental event is still unknown. Although knock-
ing down all AP1 orthologs (OsMADS14, OsMADS15, and
OsMADS18) in rice does not show obvious change in panicle
morphology, the expression of these orthologs partially overlaps
that of SOC1, SVP (or AGL24), and SEP4 orthologs during the
course of rice panicle development (Kobayashi et al., 2012). In
addition, our preliminary studies using yeast two-hybrid assays
have also shown that these AP1 orthologs could interact with
rice orthologs of SOC1, SVP (or AGL24), and SEP4 (Figure S5F).
Thus, it would be interesting to further investigate whether in vivo
interaction occurs among these rice orthologs and what the
common effects of the interaction are, if any, on rice panicle
branching patterns.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
Arabidopsis ecotype Columbia (Col) and Landsberg erecta (Ler) were grown at
23C under long day conditions (16 hr light/8 hr dark). The mutants soc1-2,
svp-41, agl24-3 (Salk_095007), sep1-1, sep2-1, sep3-2, sep4-1, tfl1-1, ap1-
11, and 35S:AP1 are in a Col background, while ap1-1 and ap1-1 cal-1
35S:AP1-GR are in a Ler background. All rice (Oryza sativa cv. Nipponbare)
materials were grown in green house with natural daylight and temperature
(Singapore, north latitude 1220, east longitude 103480).
Plant Transformation
Agrobacterium tumefaciens–mediated plant transformation of Arabidopsis
was carried out by a floral dipping method (Clough and Bent, 1998). All trans-
genic plants described in this paper were screened by herbicide resistance
against 0.2% Basta. Agrobacterium-mediated rice transformation was per-
formed as described (Hiei et al., 1994). All rice transgenic plants were selected
with 50 mg/ml hygromycin.
Plasmid Construction
To construct gSOC1-GFP, the genomic fragment of SOC1 was amplified and
cloned into pHY105 (Liu et al., 2007). Based on this construct, gSOC1-GFP
was generated using a modified QuikChange Site-Directed Mutagenesis
approach (Geiser et al., 2001). The cDNA encoding GFP was amplified. The
resulting PCR products were annealed to the methylated template plasmid
DNA containing the genomic SOC1 fragment and elongated with the PfuTurbo
DNA polymerase (Stratagene). Upon DpnI digestion, the mutated plasmids
containing GFP were recovered from Escherichia coli transformation. To
construct gAGL24-GFP, the GFP fragment was amplified and inserted into
the construct containing the native genomic AGL24 fragment (Liu et al.,
2009) using the same approach for creating gSOC1-GFP.
To construct gAP1-2HA, a 7-kb AP1 genomic fragment was amplified and
cloned into pHY105 (Liu et al., 2007). Based on this construct, tandem repeats
of HA tags were inserted and fused in frame with the C terminus of AP1 using
QuikChange II XL-Site-Directed Mutagenesis Kit (Stratagene).
To create RNAi constructs for rice transformation, the gene-specific regions
of OsMADS50, OsMADS56, RCN1, RCN2, RCN3, and RCN4 were selected
and amplified. The gene-specific regions of OsMADS22, OsMADS47, and
OsMADS55 were amplified according to a previous publication (Lee et al.,
2008). These PCR products were cloned into pUC198AM, and the resultant
RNAi cassettes were subsequently cloned into pZH2bik by the procedures
described previously (Kuroda et al., 2010). The primers for creating RNAi
constructs are listed in the Supplemental Experimental Procedures.620 Developmental Cell 24, 612–622, March 25, 2013 ª2013 ElsevierExpression Analysis
Total RNA was isolated with RNeasy Plant Mini Kit (QIAGEN) and reverse-
transcribed with ThermoScript RT-PCR System (Invitrogen) according to the
manufacturer’s instructions. Real-time PCR was performed in triplicates
on 7900HT Fast Real-Time PCR system with SYBR Green PCR Master
Mix (Applied Biosystems). The relative expression level was calculated as
previously reported (Liu et al., 2007). Expression analysis was performed
with at least three biological replicates. All primer sequences used for real-
time and semiquantitative PCR are listed in the Supplemental Experimental
Procedures.
RNA In Situ Hybridization
Nonradioactive in situ hybridization was performed as previously reported (Liu
et al., 2007). Gene-specific regions for SEP1-4, TFL1, andRCN1-4were ampli-
fied from eitherArabidopsis or rice cDNAs. The PCR products were cloned into
pGEM-T Easy vector (Promega) to produce templates for in vitro transcription
by DIG RNA Labeling Kit (Roche). RNA probes forAP1, LFY,AP3, and AGwere
generated as described previously (Liu et al., 2009).
Cryosection
Inflorescence tissues were fixed with ice-cold PFA (4% paraformaldehyde in
PBS, pH 7.0) under vacuum for 2 hr. A serial PFA/sucrose change was applied
until the tissues were equilibrated in PFA with 20% sucrose overnight. Tissues
were then embedded in 1.5% agarose gel dissolved in PBS solution supple-
mented with 20% sucrose, placed onto the microtome tissue holder with the
help of Tissue Tek O.C.T. compound, and flash frozen with liquid nitrogen.
Cryosections of 20 mm thickness were made with a Leica Sliding Microtome
(Leica CM 3050S) at 25C and dried up on 42C heating plate for 2 hr.
The slides were mounted with PBS solution and examined under confocal
microscope.
Antibody Production
The peptide sequence MLLETNRDLRRKL from SEP4 was used for antibody
production (GenScript). The antibodies were purified through affinity chroma-
tography column before they were applied for other experiments.
Chromatin Immunoprecipitation Assay
Plant materials for ChIP assays were harvested and kept in liquid nitrogen. For
each round of ChIP assay, we used around 0.1 g cauliflower materials from ten
ap1-1 cal-1 35S:AP1-GR plants, or 0.2 g inflorescence apices with young
flower buds from over 500 plants of other genotypes. The harvested samples
were ground with liquid nitrogen. The slurry was resuspended with M1 buffer
(Wang et al., 2002) supplemented with 1% formaldehyde and incubated for
10 min at 4C. The slurry was then incubated with 0.15 M glycine for 5 min
at 4C to quench the formaldehyde. The chromatin was subsequently isolated
and sonicated to produce DNA fragments of around 300 bp as described
previously (Liu et al., 2007). For immunoprecipitation, SOC1, AGL24, SVP,
and SEP4 proteins were immunoprecipitated by their corresponding anti-
bodies. A parallel reaction in which the solubilized chromatin was incubated
with rabbit IgG served as a negative control. The subsequent binding,
washing, recovery of coimmunoprecipitated DNA, and quantitative real-time
PCR analysis of recovered DNA were performed as described previously
(Liu et al., 2007). All primer sequences used for ChIP assays are listed in the
Supplemental Experimental Procedures.
Coimmunoprecipitation Experiments
Inflorescence apices containing young flower buds from ap1-1 gAP1-2HA
were collected. Inflorescence apices from around 300 individual plants
produced about 0.1 g samples for one round of coimmunoprecipitation
assay. The harvested plant materials were ground with liquid nitrogen and
nuclear proteins were extracted according to the ChIP protocol but without
the fixation and sonication steps. Nuclear protein extracts were equally
divided into two parts, which were then incubated with either rabbit IgG or
a specific antibody at 4C for 3 hr, respectively. Protein G PLUS agarose
beads (Santa Cruz biotechnology) were subsequently added and further
incubated at 4C for 1 hr. After washing, proteins bound by beads were
resolved by SDS-PAGE and detected by anti-HA antibody (Santa Cruz
biotechnology).Inc.
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We used around 0.3 g cauliflower materials from ap1-1 cal-1 35S:AP1-GR
plants for each round of 3C assay. The harvested samples were ground
with liquid nitrogen. The slurry was resuspended with nuclei isolation buffer
(Louwers et al., 2009), supplemented with 1% formaldehyde, and incubated
for 10 min at 4C. The slurry was then incubated with 0.15 M glycine for
5 min at 4C to quench the fixative. The following steps were carried out
generally according to a 3C protocol established for maize tissues (Louwers
et al., 2009), except that 100 U of Sau3AI and 50 U of T4 DNA ligase were
used for genomic DNA digestion and ligation, respectively. A genomic frag-
ment devoid of the Sau3AI sites was amplified as control. All primer
sequences used for 3C assay are listed in the Supplemental Experimental
Procedures.
Bimolecular Fluorescence Complementation Analysis
The cDNAs ofSOC1,AGL24,SVP,SEP4,AP1, andCALwere cloned into serial
pSAT1 vectors. The resulting expression cassettes including constitutive
promoters and fusion proteins were cloned into pGreen binary vector HY105
and transformed into Agrobacterium. Three-week-old tobacco (Nicotiana
benthamiana) leaves were coinfiltrated with Agrobacterium as previously
described (Sparkes et al., 2006). The leaves were observed under confocal
microscope 2 days after infiltration.
Yeast Two-Hybrid Assay
The coding regions of OsMADS14, OsMADS15, OsMADS18, OsMADS22,
OsMADS34, OsMADS47, OsMADS50, OsMADS55, and OsMADS56 were
amplified and cloned into pGBKT7 and pGADT7 (Clontech), respectively.
Subsequent yeast two-hybrid assays were carried out using the Yeastmaker
Yeast Transformation System 2 according to the manufacturer’s instructions
(Clontech).
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